ABSTRACT: A T cell-mediated hypersensitivity reaction has been reported in some patients with CoCrMo-based implants. However, the role of cobalt and chromium ions in this reaction remains unclear. The objective of the present study was to analyze the effects of Co 2þ and Cr 3þ in culture medium, as well as the effects of culture supernatants of macrophages exposed to Co 2þ or Cr 3þ
ABSTRACT: A T cell-mediated hypersensitivity reaction has been reported in some patients with CoCrMo-based implants. However, the role of cobalt and chromium ions in this reaction remains unclear. The objective of the present study was to analyze the effects of Co 2þ and Cr 3þ in culture medium, as well as the effects of culture supernatants of macrophages exposed to Co 2þ or Cr 3þ
, on the migration of lymphocytes. The release of cytokines/chemokines by macrophages exposed to Co 2þ and Cr 3þ was also analyzed. The migration of murine lymphocytes was quantified using the Boyden chamber assay and flow cytometry, while cytokine/chemokine release by J774A.1 macrophages was measured by ELISA. Results showed an ion concentration-dependent increase in TNF-a and MIP1a release and a decrease in MCP-1 and RANTES release. Migration analysis showed that the presence of Co 2þ (8 ppm) and Cr 3þ (100 ppm) in culture medium increased the migration of T lymphocytes, while it had little or no effect on the migration of B lymphocytes, suggesting that Co 2þ and Cr 3þ can stimulate the migration of T but not B lymphocytes. Levels of T lymphocyte migration in culture medium containing Co 2þ or Cr 3þ were not statistically different from those in culture supernatants of macrophages exposed to Co 2þ or Cr 3þ
, suggesting that the effects of the ions and chemokines were not additive, possibly because of ion interference with the chemokines and/or their cognate receptors. Overall, results suggest that Co 2þ and Cr 3þ are capable of stimulating the migration of T (but not B) lymphocytes in the absence of cytokines/chemokines, and could thereby contribute to the accumulation of more T than B lymphocytes in periprosthetic tissues of some patients with CoCrMo-based implants. Keywords: lymphocytes; migration; metal ions; chemokines; macrophages Cobalt-chromium-molybdenum (CoCrMo) alloys, which are used extensively in orthopaedic applications, contain large proportions of Co and Cr. 1 In vivo, these alloys undergo wear and corrosion that can lead to a significant release of Co and Cr ions. These metal ions are of considerable clinical interest because of their suspected role in adverse tissue reactions.
Since the mid-1980s, over one million patients worldwide have received metal-on-metal (MM) hip implants, 2 which are made of CoCrMo alloys. However, despite their higher wear resistance, the greater overall amount of metal products released from MM implants compared to metal-on-polyethylene (MPE) implants (generating primarily PE particles) is a major cause for concern. 3 For example, some histological studies of periprosthetic tissues from patients with a failed MM hip implant have shown evidence of metallic wear products from corrosion, abrasion, and surface fatigue, 4 along with the presence of cytokines and chemokines, 5, 6 and in some cases, early adverse tissue reactions including hypersensitivity 7 and pseudotumors. 8 Interestingly, these adverse tissue reactions have also been observed in patients with MPE implants exhibiting fretting and crevice corrosion at modular interfaces. [9] [10] [11] Higher levels of metal ions have been reported in the serum, synovial fluid, and whole blood of patients with a joint replacement compared to subjects without an implant. 12, 13 Although the mechanisms behind the complex interactions between metal ions, proteins, and cells remain poorly understood, the potential for Co 2þ
and Cr 3þ to induce adverse tissue reactions has raised clinical concerns. While Co exists in two common oxidation states (þ2 and þ3), divalent Co ions (Co 2þ ) were used in the present study because trivalent Co ions (Co 3þ ) are rapidly reduced to Co 2þ in aqueous environments.
14 Similarly, while Cr also exists in two common oxidation states (þ3 and þ6), trivalent Cr ions (Cr 3þ ) were used in the present study because hexavalent chromium ions (Cr 6þ ) are rapidly reduced to Cr 3þ under physiological conditions. 15 Both Co 2þ and Cr 3þ can induce the release of inflammatory cytokines and chemokines from multiple cell types, including macrophages. [16] [17] [18] [19] [20] [21] [22] Chemokines are a family of chemotactic cytokines that act as signals for the trafficking and homing of specific target cells. 23 They are released by numerous immune cells found in periprosthetic tissues, including monocytes/ macrophages, dendritic cells (DC), T lymphocytes, and natural killer (NK) cells. 23 Specifically, CC chemokines include: macrophage inflammatory protein-1a (MIP1a), which regulates the migration of monocytes/ macrophages, cytotoxic T (Tc) lymphocytes, B lymphocytes, and NK cells; monocyte chemotactic protein-1 (MCP-1), which regulates the migration and accumulation of monocytes/macrophages, DC, NK, and memory T lymphocytes; 23 and regulated on activation, normal T cell expressed and secreted (RANTES), which has been shown to be a chemoattractant for memory T-helper (Th) lymphocytes and macrophages that are involved in delayed-type hypersensitivity reactions, and may act in concert with other chemokines such as MCP-1. 24 All these chemokines may 
MATERIALS AND METHODS

Macrophages
The J774A.1 monocyte/macrophage mouse cell line (American Type Culture Collection [ATCC], Manasas, VA) was maintained at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 in Dulbecco's modified Eagle medium (DMEM; catalog no. 319-005-CL; Wisent, St. Bruno, QC), supplemented with 5% (v/v) Premium Quality heat-inactivated fetal bovine serum (FBS; Wisent) in tissue culture-treated polystyrene cultureware (Greiner Bio-One, Frickenhausen, Germany). For cytokine/chemokine release experiments, cells were harvested by scraping and allowed to recover for 3-4 h (in loosely capped 50-ml polypropylene centrifugation tubes; Greiner Bio-One) under cell culture conditions with occasional mixing to minimize cell attachment. For lymphocyte migration experiments, cells were harvested by pipetting with a Class A volumetric glass pipette (Sibata Scientific Technology, Soka, Japan), as previously described. 20 The harvested macrophages were then washed and resuspended in pre-warmed (37˚C) DMEM-based medium. Lymphocytes were isolated from the spleen of three healthy 5 to 9 week-old wild-type strain C57BL/6 mice of both sexes (one male and two females, in toto; The Jackson Laboratory, Bar Harbor, ME), under aseptic conditions. The mice were cared for and housed at the Animal Care Facility of the University of Ottawa, a specific-pathogen-free (SPF) facility. More specifically, mice (with up to four cage companions) were housed in individually ventilated cages (Sealsafe 1 ; Techniplast, West Chester, PA) with 6-mm size corncob bedding (Envigo RMS, Indianapolis, IN), cotton fiber-based nesting material (Ancare, Bellmore, NY), and a shreddable refuge hut (Ketchum, Brockville, ON). The animals had ad libitum access to food (2018 Teklad Global 18% Protein Rodent Diet; Envigo RMS) and water (purified by reverse osmosis and acidified to pH 2.5-3.0 with hydrochloric acid), and were maintained at a temperature of 22˚C and relative humidity of 40% under a 12 h:12 h light:dark photoperiod. The mice (one mouse per lymphocyte migration experiment) were euthanized individually in the morning by CO 2 asphyxiation in a cage, followed by cervical dislocation. Euthanized mice were soaked with 70% (v/v) ethanol, and spleens were harvested by careful dissection. The harvested spleens were placed immediately in ice-cold Roswell Park Memorial Institute (RPMI)-1640 medium (catalog no. 350-000-CL; Wisent) supplemented with 10% (v/v) heat-inactivated FBS. Each spleen was dissociated by grinding between two frosted glass microscope slides (Fisher Scientific, Fairlawn, NJ), as previously described. 27 The resulting dissociated cells were resuspended in RPMIbased medium, filtered through a 70-mm pore size nylon mesh cell strainer (BD Biosciences, Durham, NC), collected by centrifugation (420g for 7 min at room temperature), and resuspended in 2 ml of RPMI-based medium (at room temperature) in a 15-ml polypropylene centrifuge tube (Greiner Bio-One).
Lymphocytes
Lymphocytes were purified by density gradient centrifugation using lymphocyte separation medium (LSM), a sterile iso-osmotic solution of Polysucrose TM 400 and diatrizoic acid with a density of 1.077-1.080 g/ml at 20˚C (Wisent). Briefly, 3 ml of LSM (at room temperature) were introduced carefully under the 2 ml of cell suspension using a 5-ml disposable syringe (BD, Franklin Lakes, NJ) secured to a 21-gauge 1.5-inch hypodermic needle (BD), and the layered sample was centrifuged (400g for 15 min at room temperature). The isolated lymphocytes (buffy coat) were collected by aspiration along with the top half of the LSM layer (as per the manufacturer's instructions). The lymphocytes were washed immediately by dilution with 10 ml of RPMI-based medium and collected by centrifugation (420g for 7 min at room temperature). This wash step was repeated twice, and the cell pellet was resuspended to 5 Â 10 6 cells/ml in lymphocyte migration buffer (DMEM supplemented with 0.5% (w/v) bovine serum albumin [BSA; catalog no. A3803; SigmaAldrich, St. Louis, MO]). Lymphocytes were counted with a Cytomics FC 500 Series flow cytometer (Beckman Coulter, Indianapolis, IN) using a calibrated suspension of fluorescent polystyrene microspheres (CountBright TM Absolute Counting Beads; Life Technologies, Eugene, OR).
Cobalt and Chromium Ions
Stock solutions of Co 2þ and Cr 3þ were freshly prepared by dissolving CoCl 2 Á6H 2 O (99.5% purity; Fisher Scientific) and CrCl 3 Á6H 2 O (100.8% purity; Sigma-Aldrich), respectively, in cell culture-grade water (Lonza, Basel, Switzerland), and sterilized by filtration through 0.2-mm pore size cellulose acetate syringe filters (VWR, Mississauga, ON). Sterilized solutions of Co 2þ and Cr 3þ contained 0.01 EU/ml of endotoxin, as determined using a chromogenic Limulus amebocyte lysate assay (GenScript, Piscataway, NJ). Solutions of culture medium containing Co 2þ or Cr 3þ at the concentrations analyzed were prepared by adding 20 ml/ml of serially diluted sterile stock solutions of Co 2þ or Cr 3þ to culture medium.
TNF-a and Chemokine Release
For each experimental condition, 0.5 Â 10 6 macrophages were resuspended in 1 ml of DMEM-based medium containing Co 2þ (2, 4, 8, 16, 24, 32 , and 48 ppm) or Cr 3þ (25, 50 , 100, 150, 250, 350, and 500 ppm). Macrophages incubated with neither Co 2þ nor Cr 3þ served as a negative control, and macrophages incubated with 1 mg/ml of lipopolysaccharide (LPS) from Escherichia coli O55:B5 (Sigma-Aldrich) were used as a positive control for TNF-a and CC chemokine release (data not shown), as previously described. 28 Triplicate samples in loosely capped 5-ml untreated polystyrene culture tubes (BD Biosciences) were incubated under cell culture conditions for 24 h. At the end of the incubation, the macrophage suspensions were centrifuged (150g for 6 min at room temperature), and the supernatants were frozen and stored in siliconized microcentrifuge tubes (Fisher Scientific) at À80˚C for cytokine measurements by enzyme-linked immunosorbent assays (ELISA; R&D Systems, Minneapolis, MN).
ELISA were performed on freshly thawed and centrifuged (200g for 6 min at 4˚C) culture supernatants, and concentrations of TNF-a, MIP-1a, MCP-1, and RANTES were measured using commercial ELISA kits (R&D Systems, Minneapolis, MN), as per the manufacturer's instructions. Absorbance measurements were performed at 450 nm using a hybrid microplate reader (Synergy TM 4; BioTek, Winooski, VT).
Lymphocyte Migration
Experimental conditions for lymphocyte migration included: (i) equilibrated medium (EQM) control (DMEM-based medium incubated under cell culture conditions for 24 h with neither Co 2þ nor Cr 3þ ); (ii) culture supernatant control (supernatant from the culture of macrophages incubated for 24 h under cell culture conditions with neither Co 2þ nor Cr 3þ ); (iii) EQM with Co 2þ or Cr 3þ added immediately before each migration experiment to a final concentration of 8 and 100 ppm, respectively; (iv) culture supernatants of macrophages exposed to 8 ppm Co 2þ or 100 ppm Cr 3þ for 24 h under cell culture conditions; (v) a positive control for B lymphocyte migration (EQM containing 1 mg/ml of E. coli-derived recombinant mouse B cell-attracting chemokine-1 [BCA-1; R&D Systems]); and (vi) a pro-inflammatory culture supernatant (supernatant from the culture of macrophages exposed to 1 mg/ml of LPS for 24 h under cell culture conditions).
Macrophage culture supernatants (eight tubes per condition) were prepared as described above for TNF-a and chemokine release, and EQM (twelve 1-ml aliquots in loosely capped 5-ml untreated polystyrene culture tubes [BD Biosciences]) was prepared by incubating DMEM-based medium under cell culture conditions for 24 h. At the end of the incubation, the culture supernatants and aliquots of EQM were centrifuged (150g for 6 min at room temperature). Supernatants from tubes of the same condition were pooled into 15-ml polypropylene centrifuge tubes and re-centrifuged (200g for 15 min at room temperature). The resulting supernatants were transferred into new centrifuge tubes, snap frozen in liquid nitrogen, and stored at À80˚C for later use in the lymphocyte migration experiments.
Migration experiments were performed using modified Boyden chambers, that is, hanging cell culture inserts with a 5-mm pore size polyethylene terephthalate (PET) membrane (catalog no. PIMP12R48; Millipore, Billerica, MA) placed into 24-well multiwell plates for suspension cell culture (Greiner Bio-One). Briefly, 600-ml aliquots of freshly thawed, recentrifuged (200g for 6 min at 4˚C), and pre-warmed (37˚C) EQM (with and without freshly added Co 2þ [8 ppm] or Cr 3þ
[100 ppm]) or macrophage culture supernatants (for the conditions described above) were added to each well. A hanging cell culture insert was introduced gently into each well of the multiwell plates and 1 Â 10 6 lymphocytes (resuspended in 200 ml of lymphocyte migration buffer) were added immediately into each insert. The multiwell plates were incubated undisturbed for 3.5 h under cell culture conditions. At the end of the incubation, the content of each well was transferred immediately into a 5-ml polystyrene culture tube (Greiner Bio-One). Each well was rinsed up to five times with phosphate buffered saline (PBS) without Ca 2þ and Mg 2þ (Wisent), and the rinses were added to the above tube. Removal of the cells from the wells was confirmed by observation under phase-contrast microscopy. The migrated cells were collected by centrifugation (420g for 7 min at room temperature), and each cell pellet was resuspended into 100 ml of cold (4˚C) staining buffer (PBS without Ca 2þ and Mg 2þ supplemented with 2% [v/v] heat-inactivated FBS and 0.01% [w/v] sodium azide). The resuspended cells were then stained for 30 min in the dark at 4˚C with 1 mg/ml phycoerythrin (PE)-labelled anti-mouse T-cell receptor-b (TCRb) (clone H57-597; eBioscience, San Diego, CA), 0.5 mg/ml peridinin chlorophyll protein complex (PerCP) cyanine 5.5-labelled anti-mouse CD4 (clone RM4-5; eBioscience), and 0.5 mg/ml fluorescein isothiocyanate (FITC)-labelled antimouse CD19 (clone ebio1D3; eBioscience), to identify T, Th, and B lymphocytes, respectively. At the end of the incubation, the suspensions of stained cells were diluted immediately to a volume of 480 ml with cold (4˚C) staining buffer and placed on ice. An aliquot (20 ml) of a calibrated suspension of fluorescent polystyrene microspheres was added to each cell suspension immediately before flow cytometry analysis to determine volumetric cell counts.
Lymphocytes were identified by their forward and side light-scattering properties. T and B cells were identified as lymphocytes that were TCRb þ and CD19 þ , respectively. Th cells were identified as lymphocytes that were both TCRb þ and CD4
þ . Lymphocytes that were TCRb þ but CD4 À were considered to be primarily Tc cells. Flow cytometry data was extracted and analyzed from individual list mode data (LMD) files using Bioconductor version 3.2, 29 flowCore R package version 1.36.9, 30 and a custom program written in R-3.2.3.
31
Statistical Analysis Data are presented as means AE S.E.M pooled using the Satterwaithe approximation. Statistical analysis implemented in R-3.2.3 was performed using a linear mixed-effects model and multiple-comparison Tukey contrasts using sample as a fixed effect and experiment as a random effect. A p-value <0.05 was considered significant.
RESULTS
Effects of Co 2þ and Cr 3þ on the Release of TNF-a by J774A.1 Macrophages ELISA results revealed a Co 2þ concentration-dependent increase in TNF-a release, up to 8.7-fold with 48 ppm Co 2þ (p < 0.001), relative to the negative control (macrophages not exposed to Co 2þ or Cr 3þ ) (Fig. 1A) . A small increase in TNF-a release of 1.7-fold (p ¼ 0.020) and 2.3-fold (p < 0.001), relative to the negative control, was also observed with 150 and 250 ppm Cr 3þ , respectively (Fig. 1B) . A decrease in Cr 3þ -induced TNF-a release, relative to the maximum measured, was observed with higher concentrations of Cr 3þ (i.e., 350 and 500 ppm). Fig. 2A and B Fig. 2C and D, respectively) .
RANTES
A concentration-dependent decrease in RANTES release was observed with Co 2þ and Cr 3þ , up to 4.2-fold with 48 ppm Co 2þ (p < 0.001) and 50-fold with 500 ppm Cr 3þ (p < 0.001), relative to the negative control ( Fig. 2E and F, respectively) .
Effects of Co
2þ and Cr 3þ on T Lymphocyte Migration More TCRb þ lymphocytes (i.e., T cells) migrated into EQM with Co 2þ or Cr 3þ than into the EQM control (1.45-and 1.60-fold difference, respectively; p 0.005 in both cases; Fig. 3 ). In addition, the number of migrated TCRb þ lymphocytes was higher in the culture supernatant control and in the culture supernatant with Co 2þ than in the EQM control (1.75-and 1.65-fold difference, respectively; p < 0.001 in both cases). Although the number of migrated TCRb þ lymphocytes was also higher in the culture supernatant with Cr 3þ than in the EQM control, the difference was not statistically significant.
A similar number of TCRb þ lymphocytes migrated into the culture supernatant with Co 2þ and the culture supernatant control, while fewer migrated into the culture supernatant with Cr 3þ (1.30-fold difference relative to culture supernatant control; p ¼ 0.010).
Interestingly, there was no significant difference in the number of migrated TCRb þ lymphocytes between the culture supernatants with Co 2þ or Cr 3þ and the corresponding EQM conditions.
Finally, the number of migrated TCRb þ lymphocytes was 2.80 AE 0.30-fold higher in the pro-inflammatory culture supernatant of macrophages exposed to LPS than in the EQM control (p < 0.001; data not shown).
Effects of Co 2þ and Cr 3þ on B Lymphocyte Migration In contrast with T lymphocytes, a similar number of CD19
þ lymphocytes (i.e., B cells) migrated into EQM with Co 2þ and the EQM control (Fig. 4) Finally, the number of migrated CD19 þ lymphocytes was 10.45 AE 1.05-fold higher in EQM with BCA1 (positive control for B lymphocyte migration) than in the EQM control (p < 0.001; data not shown).
DISCUSSION
The present study analyzed the effects of Co 2þ and Cr 3þ in culture medium, as well as the effects of culture supernatants of macrophages exposed to Co The selection of the J774A.1 murine monocyte/ macrophage cell line and a 24-h exposure period to the Co 2þ and Cr 3þ has been reviewed elsewhere. 20 Briefly, macrophages from the J774A.1 cell line have been shown to exhibit a similar morphology to macrophages in periprosthetic tissues at the bone-cement interface, 32 and they have been commonly used in in vitro studies of orthopaedic wear products including bone cement, polyethylene, ceramic and metal particles, as well as metal ions (Baskey et al., 20 and references therein). An immortalized cell line was used, as opposed to primary cells, to avoid potential variability between cell donors. The selection of high concentrations of Co 2þ and Cr 3þ , relative to that in body fluids of patients with MM implants (ppb range), 12, 13 was based on: previous studies using the same ions and culture model 16, 33, 34 ; the assumption that the levels of these ions are higher in periprosthetic tissues than in body fluids (with the possible exception of synovial fluid); and the consideration that macrophages likely require higher concentrations of a stimulating agent in vitro than they do in vivo where cells are exposed simultaneously to multiple stimulating factors. 16 This latter point is supported by the observation that prestimulated cells are more responsive to Co and Cr than their non-prestimulated counterparts. 35 Interestingly, to explore macrophage response to Co 2þ over the full range of toxicity, the highest concentrations of Co 2þ needed to be almost five times higher than in previous in vitro studies. 16, 33, 34 This may be due to differences in the culture medium, especially the sodium bicarbonate content (3.7 g/l in present study vs. 1.5 g/l in previous studies), which might have decreased the bioavailability of Co 2þ by forming a cobalt carbonate precipitate. 36 In the present study, TNF-a release was measured primarily as an indicator of the intensity of the macrophage inflammatory response to the metal ions. Results showed a marked increase in TNF-a release with Co 2þ , and a more modest increase with concentrations of Cr 3þ up to 250 ppm. Results also showed a lower release of TNF-a with concentrations of Cr 3þ above 250 ppm, likely reflecting ion cytotoxicity and/or interference with the production and/or release of TNF-a at these higher ion concentrations, as previously suggested. 16, 20 Overall, results were consistent with those reported by Catelas et al. 16 with the same cell line, despite the more modest effects observed with Co 2þ in the present study. Results with Cr 3þ are also in agreement with those we recently reported with cultures maintained in rotation. 20 Overall, the observed release of TNF-a confirms that both Co 2þ and Cr 3þ induced a significant inflammatory response by the macrophages (albeit greater with Co 2þ ). In vivo, this inflammatory response could play a significant role in the recruitment of immune cells to periprosthetic tissues.
Results showed that similarly to titanium alloy and poly(methyl-methacrylate) (PMMA) particles, which have been reported to increase the release of MIP-1a by macrophages after a 24-h exposure, 37 both Co 2þ and Cr 3þ increased the release of MIP-1a by macrophages, although the Co 2þ -induced increase was marginal. The decreased release of MIP-1a induced by high concentrations of both Co 2þ and Cr 3þ may be attributed to cytotoxicity. Overall, the results suggest that MIP-1a may play a role in the immune response observed in periprosthetic tissues since MIP-1a has been reported to be chemotactic for monocytes/macrophages, Tc lymphocytes, B lymphocytes, and NK cells. 23 The present study showed that unlike titanium alloy and PMMA particles, which have all been reported to increase the release of MCP-1 by macrophages after a 24-h exposure, 37, 38 both Co 2þ and Cr 3þ decreased the release of MCP-1 in a dose-dependent way. This suggests that Co 2þ and Cr 3þ act through different activation mechanisms/pathways than the above wear particles. Finally, similarly to the study of Nakashima et al. 37 using titanium and PMMA particles, the present study demonstrated that neither Co 2þ nor Cr 3þ induced the release of RANTES. Interestingly, this suggests that the recently reported 20 modest increases in the release of MCP-1 and RANTES by J774A.1 macrophages in rotating cultures exposed to low concentrations of Cr 3þ (50 and 150 ppm) was caused either by rotation-induced activation of the cells, or by the synergistic effect of rotation and exposure to Cr 3þ . Therefore, the results of the present study suggest that MCP-1 and RANTES may not play an important role in the overall immune response to CoCrMo-based implants observed in periprosthetic tissues.
Murine cells are used extensively to gain insight into human immunology (see Mestas and Hugues 39 for . Although previous studies suggested that some metal ions inhibit chemotaxis, Be 2þ has been reported to stimulate the migration of lymphocytes in vitro, in the absence of other chemoattractants. 26 This is interesting since Be, like Co and Cr, is associated with type-IV hypersensitivity reactions. As pointed out by Sawyer et al., 26 metal-induced attraction of blood lymphocytes may be a key feature in the recruitment of immune cells to affected tissues. It should be noted that our study, like the Be 2þ study by Sawyer et al., 26 does not completely exclude the possibility that the metal ions stimulated chemokinesis (a reaction by which the speed and frequency of locomotion is determined by chemical substances in the environment 41 ) rather than chemotaxis (a reaction by which the direction of locomotion is determined by chemical substances in the environment 41 ). Conclusive demonstration of chemotaxis would require direct assays (i.e., assays that allow direct measurement of the direction and speed of migration 41 ) and was considered beyond the scope of the present study. However, as pointed out by Wilkinson and Haston, 42 chemotaxis and chemokinesis may be considered as locomotor reactions that cells exhibit to specific environments rather than inherent properties of stimulating molecules. Therefore, chemokinesis alone may lead to cell accumulation if the kinetic agent is anisotropically distributed. 42 More T lymphocytes migrated into the culture supernatant of macrophages exposed to Co 2þ than into the EQM control. The number of migrated T lymphocytes was also higher in the culture supernatant of macrophages exposed to Cr 3þ than in the EQM 25 As postulated by the authors of that study, direct activation of endothelial cells by Co 2þ could result in the accumulation of T lymphocytes in tissues surrounding Co-containing implants without prior immune sensitization. 25 Co 2þ -and Cr 3þ -stimulated migration of T lymphocytes and Co 2þ -induced transendothelial migration of T lymphocytes may therefore both contribute to adverse tissue reactions associated with CoCrMo-based implants.
While the magnitude of the increases in migration observed in the present study is not large, it is comparable to that reported in other studies using similar methodologies. For example, Reckless et al. reported increases in the migration of peripheral blood mononuclear cells of approximately 2.3-and 2.0-fold in response to MCP-1 and MIP-1a, respectively. 46 It should also be noted that in the present study, the relative abundance of cells other than T lymphocytes in the upper compartment of the Boyden chamber (only approximately 25% of the loaded cells were T lymphocytes-the rest were primarily B lymphocytes; data not shown) probably hindered the migration of T lymphocytes, thereby limiting the magnitude of the observed increases in migration. Finally, it should be noted that the migration experiments do not completely exclude the possibility that Co 2þ and Cr 3þ , in the bottom compartment of the modified Boyden chamber, stimulated migration of the lymphocytes in the upper compartment by inducing the release of cytokines/chemokines by these cells. However, this possibility is considered unlikely given the short duration (3.5 h) of the migration experiments and the observation that Co 2þ and Cr 3þ do not induce the release of cytokines like TNF-a and interferon (IFN)-g by non-presensitized lymphocytes. 47 In contrast to T lymphocytes, the presence of Co 2þ in EQM did not increase the migration of B lymphocytes, relative to the EQM control, while the presence of Cr 3þ resulted in a statistically significant but marginal increase. To verify that the B lymphocytes were capable of migrating in our experimental system, the lymphocytes were exposed to BCA-1, a potent B cell chemoattractant, 45 than into the other culture supernatants. Although the cause of this reduced migration remains unclear, it may be due to differences in the chemoattractant content of the culture supernatants.
CONCLUSION
The present study suggests that Co 2þ and Cr 3þ are capable of stimulating the migration of T (but not B) lymphocytes in the absence of cytokines/chemokines, and could thereby contribute to the accumulation of more T than B lymphocytes in periprosthetic tissues of some patients with CoCrMo-based implants.
